The ®rst XMCD measurements carried out on the ID24 energy-dispersive XAS beamline at the ESRF are reported. Circular-polarized X-rays are obtained using perfect diamond crystals as quarterwave plates. The very small source divergence allows circular polarizations close to unity to be obtained.
Introduction
X-rays with a high rate of circular polarization (P c ) are essential for X-ray magnetic circular dichroism, which measures the difference of absorption of right-and lefthanded X-rays of an element-selected ferromagnetic sublattice and relates it to the magnetic moment of the selected atom (Goulon et al., 1997) . In ®rst-and secondgeneration synchrotron radiation sources using bendingmagnet devices, circular polarization (left or right) is obtained by selecting the radiation emitted above or below the synchrotron orbit plane. This con®guration implies a considerable¯ux loss and a large uncertainty on the polarization rate. At third-generation sources like the ESRF, X-rays of tunable polarization can be obtained using speci®c insertion devices like helical undulators (Yamamoto & Kitamura, 1987; Elleaume, 1990; Sasaki, 1993 ).
An alternative way to tune the X-ray polarization is to use perfect crystals as phase plates. The birefringence of a perfect crystal at or close to Bragg diffraction conditions is predicted by dynamical theory. The difference n ' À n % between the refractive index of the ' and % components of the incoming electric ®eld depends on the angular departure from the Bragg angle, Á. In their ®rst conception, phase plates took advantage of the birefringence of X-rays inside the re¯ection pro®le. Since the birefringence varies rapidly with Á, highly collimated X-ray beams are required (Golovchenko et al., 1986) .
Phase plates can also be used outside the re¯ection pro®le using the`non-deviated' forward-diffracted beam. Such a set-up was ®rst used with a thin silicon crystal and a well collimated beam (Hirano et al., 1991 (Hirano et al., , 1992 . The birefringence is smaller than that inside the re¯ection pro®le but its variation with Á is slower (Dmitrienko & Belyakov, 1980) . This offers the possibility to work with divergent X-ray beams. Thanks to their low absorption coef®cient, rather thick diamond phase plates can be used with this set-up. This explains the rapid development of diamond quarter-wave plates (QWP) working far from crystal re¯ection in Bragg (Giles et al., 1993; Giles, Malgrange, Goulon, de Bergevin, Vettier, Dartyge, Fontaine, Giorgetti & Pizzini, 1994) and Laue geometry.
The principles of QWP have been detailed by Giles, Malgrange, Goulon, de Bergevin, Vettier, Dartyge, Fontaine, Giorgetti & Pizzini (1994) and . Only the basic concepts are summarized here. It is known that if the diffraction plane of the birefringent crystal is set at an angle É with respect to the electric ®eld of the linearly polarized X-ray beam incident on the crystal, the circular polarization rate P c of the transmitted wave depends on the phase shift È between the two components E ' and E % , Quarter-wave-plate conditions can therefore be obtained by turning the crystal away from the re¯ection pro®le by an angle
The angular dependence of the circular polarization rate can then be simply expressed as a function of Á %/2 as P c sin 2É sin%a2Á %a2 aÁX 4
For an X-ray beam with angular divergence , the circular polarization rate deduced from (1) and (2) for a certain angular offset Á has to be convoluted with a Gaussian function of width . In order to minimize the effect of the X-ray beam divergence on P c , Á %/2 should be maximized so that it falls into a region where the phase shift È changes more slowly with Á. This can be obtained by increasing the crystal thickness, at the expense of transmission. It follows that light non-absorbing crystals should be used.
In the present work a 0.74 mm-thick diamond crystal was used as a phase plate on the energy-dispersive X-ray absorption beamline at the ESRF (ID24) (Hagelstein et al., 1997) . The aim of this development is to allow XMCD to be carried out on a beamline where the planar undulator produces a strictly linearly polarized beam. The undulator fundamental can be tuned between 4.5 keV and 8 keV, while the spectral range from 8 to 25 keV is accessible using the second or higher undulator harmonics. A curved Si(111) crystal in Bragg con®guration was used as a dispersive polychromator. A polychromatic focus of 30 Â 100 mm is obtained using a four-point bender. The particular contour of the crystal minimizes optical aberrations (Pellicer-Porres et al., 1998) . The energy-dispersive spectrometer is arranged in a À2 set-up. The detector is a CCD camera made of 512 Â 512 pixels and lens coupled to a scintillation screen which receives the X-ray photons (Koch et al., 1995) .
Previous tests aiming to assess the possibility of installing a QWP on an energy-dispersive spectrometer have been carried out at LURE. Due to the large divergence of the DCI source ($80 arcsec), the circular polarization rate of the beam transmitted by the plate was of the order of 60% at 7 keV (Giles et al., 1993; Giles, Malgrange, Goulon, de Bergevin, Vettier, Dartyge, Fontaine, Giorgetti & Pizzini, 1994; . This was suf®cient to measure high-quality L 2,3 -edge XMCD spectra of heavy rare earths. On the other hand, we showed that at the Ho L 3 -edge the X-ray intensity transmitted by the diamond was a factor of three larger than that available when moving outside the orbit plane by the amount necessary to obtain the same P c .
In this experiment, as in most experiments performed at LURE, the (111) diamond crystal was operated in the asymmetric Laue geometry using the 111 diffracting planes which make a 19.47 angle with the [111] direction normal to the phase plate. For energies around the L 2,3 -edges of rare earths from Gd to Ho, the Bragg angles fall at around 20 and the X-ray beam has an almost normal incidence on the diamond entrance face. The transmission of the plate is $0.2 at the Gd L 3 edge.
The diamond crystal is installed close to the polychromatic focus point of the Si crystal. The main constraint of the energy-dispersive set-up is that the different energies diffracted by the curved Si crystal should satisfy Bragg's law simultaneously on the diamond crystal. This is equivalent to a condition of non-dispersivity between the two crystals which can be written as tan 2 a tan 1 21 À qbap À1 cos ÉY 5
where 1 and 2 are the Bragg angles on the polychromator and the phase plate, respectively, for the mean energy. b is related to the angle of asymmetry, , of the re¯ecting planes on the polychromator by the relation b = sin( À )/ sin( + ). p is the distance between the source and the crystal, q is the distance between the crystal and the focus point. This equation links the lattice parameters of the re¯ection planes used on the ®rst and the second crystal and contains as parameter the angle É between the two diffraction planes.
In order to achieve optimized conditions, É can be varied with respect to the ideal 45 value at the expense of P c (equation 4). It can be shown that, for the chosen con®guration and for energies between 7 and 9 keV, the É Figure 1 Angular dependence of the X-ray intensity transmitted by the diamond crystal close to Bragg conditions, measured for the four energy windows close to the Gd L 3 edge, speci®ed in Fig. 2 . The angle É was adjusted to obtain optimum non-dispersivity conditions: Bragg conditions are met at the same time in the four energy regions. The transmitted intensity is normalized to unity before the Bragg angle and it is arti®cially shifted vertically for three of the four energy regions. values fall between 40 and 50 giving a circular polarization rate larger than 0.985.
In Fig. 1 we show, close to Bragg conditions and for four energy windows around the Gd L 3 edge (7243 eV), the angular dependence of the X-ray intensity transmitted by the diamond crystal. The anomalous increase of the transmission before the Bragg re¯ection is due to the Borrmann effect (Batterman, 1964) . The occurrence of this effect is an indication of the high quality of the diamond crystal. The minimum in the transmitted photons corresponds to the loss of intensity associated with diffraction conditions. In order to optimize the non-dispersivity conditions, the transmitted intensity was measured in four energy regions across the absorption edge (speci®ed in Fig. 2) . The angle É was optimized in order to obtain the same Bragg angle for the four energy windows. This could be performed with a sensitivity of 0.1 and É was found to be approximately 41 .
The ferromagnetic samples for XMCD experiments were set at the spectrometer focus point, between the poles of a 1.05 T NdFeB permanent magnet built by Magnetic Solutions. The magnetic ®eld direction can be rapidly (<1 s) switched from parallel to antiparallel to the X-ray propagation direction, thanks to a rotation stage operated by compressed air.
The Gd L 3 -edge XMCD spectrum measured with the diamond plate for a GdCo 5 amorphous ®lm is shown in Fig. 2 . The amplitude of the XMCD signal is almost twice as large as that obtained at LURE on the same sample (Rueff, 1996) . Thanks to the extremely small divergence of the beam emitted by the ESRF undulator, the circular polarization rate delivered by the QWP is largely improved with respect to our previous experiments at LURE.
In order to better characterize the ef®ciency of the diamond phase plate, XMCD measurements were carried out for several incident angles corresponding to offsets between À110 and +110 arcsec. The variation of the XMCD amplitude with Á is a measure of the circular polarization rate. The absolute circular polarization rate of the X-rays transmitted by the QWP could be obtained by comparison with theoretical values, convoluted with a Gaussian function which takes into account the X-ray divergence. The comparison of measurement and theory is shown in Fig. 3 for the Gd L 3 signal of the GdCo 5 ®lm. The best agreement is obtained supposing a source divergence of the order of 4.5 arcsec which is consistent with the characteristics of the beamline. Note that the maximum polarization rate obtained under quarter-wave-plate conditions, at AE75 arcsec, is of the order of 0.99, in agreement with the value expected from (1) for É 9 41 . Note that, consistent with the very small beam divergence, a very high degree of circular polarization is also obtained for offsets of AE25 arcsec corresponding to three-quarter-waveplate conditions.
In a classical set-up, i.e. on a bending-magnet beamline, it is not so straightforward to change the X-ray helicity. The XMCD measurement is therefore carried out with a ®xed helicity and by measuring the difference of absorption for opposite directions of the applied magnetic ®eld ["(+B) À "(ÀB)]. When using this set-up, the applied magnetic ®eld Gd L 3 -edge total X-ray absorption and XMCD spectrum of a GdCo 5 amorphous ®lm measured at 300 K. The XMCD signal is multiplied by À20. A signal-to-noise ratio better than 400 was obtained after 100 min acquisition time. A signal-to-noise ratio larger that 100 can be obtained in a few minutes. Non-dispersivity conditions were optimized for the energy windows 1 to 4 (see Fig. 1 ).
Figure 3
The angular dependence of the measured Gd L 3 -edge XMCD amplitude (circles) is ®tted to the angular dependence of the circular polarization rate (equation 4) (full line) convoluted with a Gaussian function of width 4.5 arcsec. Angular offsets of AE75 and AE25 arcsec correspond to quarter-wave-plate and three-quarterwave-plate conditions, respectively. has to exceed the coercive ®eld of the studied sample in order to reverse the magnetization. When using a quarterwave plate, the X-ray helicity can be switched from right to left by¯ipping the offset from positive to negative; we measure [" R À " L ]. The advantage of this set-up is that the applied ®eld can be used as a degree of freedom; elementselective magnetization and hysteresis curves can then be measured (Chen et al., 1993; Pizzini et al., 1997) . We have already shown that the signal measured this way is the superposition of XMCD and a residual non-magnetic term, deriving mainly from the different absorption of the QWP in the two angular positions (Giles, 1995) . This term can be eliminated by carrying out two`¯ipping' measurements {[" R (+B) À " L (+B)] and [" R (ÀB) À " L (ÀB)]} with ®xed ®elds of opposite directions. The half-difference of these two measurements recovers the XMCD signal, as the nonmagnetic background is the same in the two cases.
In Fig. 4 we show the [" R À " L ] spectra obtained for GdCo 5 by alternating the diamond crystal between two quarter-wave-plate offsets of AE75 arcsec, corresponding to maximum and equal right and left helicities (see Fig. 3 ). The spectra were measured twice, with ®xed ®eld +B and ÀB applied parallel and antiparallel, respectively, to the X-ray propagation direction. The half-difference of these two spectra is indeed identical to the XMCD signal measured by reversing the applied ®eld direction (Fig. 4) . The half-sum is the ®eld-independent background mentioned above. The non-magnetic origin of this signal is con®rmed by the fact that the same effect is observed when [" R À " L ] is measured for the same sample in an unmagnetized state. Fig. 1 shows that, close to Bragg conditions, the X-ray intensity transmitted by the diamond crystal is different for two opposite offset values. This effect gives the observed shift of the XMCD baseline as À6 Â 10 À2 (Fig. 4) . Close to the edge the structures in the background signal are sample speci®c. X-rays emerging from the crystal at a slightly different angle and position cause a slight shift of the energy scales in the two geometries. This gives a derivative-like signal at the edge, to which the effect of sample The difference spectrum [" R À " L ] (R = right, L = left) obtained by¯ipping the QWP offset between AE75 arcsec is measured with applied ®elds +B and ÀB at the Gd L 3 edge. The half-difference of the two spectra (Diff, full line) is identical to the XMCD signal obtained as [" R (+B) À " R (ÀB)] (squares). The residual signal (Sum) derives mainly from the different absorption of the diamond crystal at AEÁ.
Figure 5
Temperature-dependent Ce L 3 -edge XMCD signal measured for a CeH 16 A Ê /Fe 16 A Ê multilayer. defects will have to be added. Fig. 4 shows that the effect is of the order of some 10 À3 at the edge. This is small compared with the magnitude of the L 2,3 XMCD signal for rare earths but becomes important when K edges of 3d transition metals are measured.
Applications
As examples of application of this set-up we describe two experiments recently carried out on the ID24 beamline.
2.1. Polarization of Ce 5d states in CeH/Fe multilayers Ce L 2,3 -edge (6.1 and 5.7 keV) XMCD spectra were measured for a series of hydrided CeH/Fe multilayers. Fig. 5 shows the temperature-dependent Ce L 3 -edge XMCD signal carried out for a CeH 16 A Ê /Fe 16 A Ê sample. These hydrided heterostructures present magnetic properties very different from those previously studied for nonhydrided multilayers . They present a strong perpendicular anisotropy at low temperatures and magnetic coupling of Fe across the CeH layers (Bauer et al., 1994; Schulte et al., 1995) . The spectra were recorded between 10 K and 300 K using a closed-cycle refrigerator.
For this experiment a 200 mm-thick diamond (100) crystal was used. With the angle between the (111) planes and the crystal normal being 35.26 , an almost normal incident geometry is obtained at the Ce L 2,3 edges, where the Bragg angles are $32 and 29 . The transmission of the crystal at 6 keV is $0.5. The offsets for quarter-wave-plate conditions are AE50 arcsec.
Each spectrum was obtained in the`classical' way by switching the direction of the magnetic ®eld, keeping a ®xed helicity. The spectra in Fig. 5 are the result of 51 ®eld inversions, for a total acquisition time of 20 min. A good signal-to-noise ratio is obtained even for the lowtemperature signal, where the magnitude of the XMCD signal is only 1.5 Â 10 À3 .
The presence of an XMCD signal at the Ce L 3 edge at 300 K indicates that the Ce 5d states are magnetically polarized. The presence of a single-peak structure is in contrast with the double-peak structure found for the XMCD signal in non-hydrided samples . This would indicate a relocalization of 4f states in this system. Details of this experiment will be reported in a future paper (Arend et al., 1998) .
Nanosecond-resolved XMCD measurements
Taking advantage of the time structure of the X-ray beam in single-bunch operation mode, we were able to carry out the ®rst nanosecond-resolved XMCD measurements (Bon®m et al., 1998) . Circular polarization at the Gd L 3 edge was obtained using the 0.74 mm-thick diamond (111) quarter-wave plate.
The experiment is conceived as a pump±probe scheme. The pump is a pulsed magnetic ®eld of a few nanoseconds, generated by microcoils at the 357 kHz ESRF frequency. The hairpin-shaped 50 mm-thick copper microcoil with a 50 mm-wide gap takes full advantage of the focusing optics (a spot size as small as 30 Â 100 mm) of the energydispersive XAS spectrometer. 25 ns-long pulses of 100 A current generate 0.4 T-high magnetic ®eld pulses.
The probe is a 100 ps-long X-ray pulse processed by an energy-dispersive X-ray absorption spectrometer. The single-bunch ®lling allows the delay between the pump and the probe to be tuned from 0 to 2.8 ms, the temporal distance between two X-ray bunches. A series of XMCD measurements were carried out, each corresponding to a particular delay between the X-ray bunch and the magnetic pulse. The XMCD signal was obtained as the difference of two absorption spectra collected with right and left circular polarizations. The two helicities were obtained by¯ipping the quarter-wave plate from one side of the (111) Bragg pro®le to the other. The XMCD signal is a result of photons from a few hundred million bunches, each of which has the same phase relationship with the magnetic pulse.
Figure 6
Time-evolution of the Gd L 3 -edge XMCD signal of a GdCo 3 ®lm during and after a 22 ns ®eld pulse. The zero of the delay time corresponds to the start of the magnetic ®eld pulse.
Figure 7
The time-evolution of the Gd L 3 -edge XMCD amplitude of GdCo 3 (circles and squares) is compared with the ®eld pulse (full lines) for two intensities of the ®eld pulse (0.3 and 0.7 T). In the inset the amplitude of the XMCD signal obtained with a static ®eld from À1 T to 1 T is shown.
In this ®rst investigation we have analyzed the time response of a GdCo 3 amorphous thin ®lm grown by sputtering at the Laboratoire Louis Ne Â el. The ®lm is slightly anisotropic with the easy axis of magnetization in the plane of the ®lm. The pulsed ®eld produced by the microcoil is applied perpendicular to the ®lm, along the X-ray propagation direction. In this scheme the 100 ps-long X-ray bunch probes progressive magnetization during and after the magnetic pulse. Details of this experiment are described by Bon®m et al. (1998) .
In Fig. 6 we show the time evolution of the XMCD signal during and after a 22 ns-long 0.7 T ®eld pulse. The acquisition time for each spectrum is approximately 3 min, during which the QWP offset was reversed 11 times. In Fig. 7 the amplitude of the XMCD intensity for two amplitudes of the ®eld pulses (0.3 and 0.7 T) is reported together with the time evolution of the ®eld pulse. The magnetization of the GdCo 3 ®lm closely follows the current, which indicates that the characteristic time for spin rotation from the parallel to perpendicular direction is smaller than 10 À9 s.
